RECENT STUDIES of electrophysiological changes resulting from experimental myocardial infarction (MI) in dogs 1 " 8 have emphasized the sequence of changes during the first few days following acute coronary occlusion, with only limited investigations into later electrophysiological events. Regarding late events, Friedman et al. 2 ' 3 studied dogs up to 7 weeks after infarction, and described no identifiable arrhythmogenic potential, emphasizing the absence of abnormal electrical activity seen in 24-to 72hour infarction preparations. 3 Lazzara et al., (i reporting on VOL. 41, No. 1, JULY 1977 eight dogs studied 10 days to 3 months after acute infarction, noted no enhanced automaticity in infarcted regions, scattered cellular electrophysiological abnormalities in surviving Purkinje fibers, normal transmembrane potentials in the vast majority of surviving Purkinje fibers, and no ventricular muscle potentials in subendocardium over the infarction. Pathological studies by Friedman et al. 2 on early canine myocardial infarctions, and by Fenoglioet al. 9 on canine infarctions up to 7 weeks, demonstrated that little, if any, superficial ventricular muscle survived the acute event in dogs; and that surviving Purkinje fibers appeared structurally normal after healing from the acute insult.
Thus, MI in dogs is characterized by histological evidence that surviving tissue over the infarct originates from Purkinje fibers which ultimately return toward normal, and by early arrhythmias and electrophysiological changes which similarly abate. In humans, however, there are pathological data which suggest that both Purkinje fibers and ventricular muscle cells may survive in the endocardium overlying the infarction; '"• " and clinical and epidemiological evidence 12 " 14 suggests persistence of electrophysiological instability for variable periods after healing of an acute MI. Finally, muscle cells that do survive over healed infarctions in man may show some late cytopathological changes. 9 Since the techniques reported in dogs to date have not resulted in long-term electrophysiological disturbances, we sought another animal model for long-term studies. The present report describes our observations on an MI model created by a more limited coronary ligation technique in cats. Spontaneous late ventricular arrhythmias were recorded prior to death 1 week to 6 months after ligation in 25% of the cats. Long-term cellular electrophysiological abnormalities, distinct from those observed in experimental acute MI, were recorded from both surviving Purkinje fibers and ventricular muscle cells in the majority of the preparations studied.
Methods

PREPARATION OF THE INFARCTION MODEL
Acute myocardial infarctions, involving anterior and apical areas of the left ventricle, were created by singlestage ligation of two or three distal tributaries of the left ventral artery (left anterior descending equivalent) and the left circumflex artery in domestic cats. A left thoracotomy had been performed after the cats were anesthetized with sodium pentobarbitol, 30 mg/kg, intraperitoneally (ip). followed by endotracheal intubation and respiratory support with a Harvard respirator. A six-lead electrocardiogram (I, II, III, aVR, aVL, aVF) was recorded prior to thoracotomy, and before and after ligation of the coronary arteries. Sufficient tributaries were ligated to produce a discrete region of intense cyanosis (30-100 mm 2 in surface area) on the anterior and apical aspects of the left ventricular free wall. The chest was closed, and a postoperative electrocardiogram (ECG) recorded. The cats surviving the procedure were maintained in a colony for periods of time up to 6 months.
TERMINAL STUDIES AND ISOLATION OF THE TISSUE
Cats surviving MI were studied electrophysiologically 7 days to 6 months after infarction. In addition, 11 control cats were studied with the same protocol. On the day of terminal studies, the cats were anesthetized as described above, a six-lead ECG was recorded, and the rhythm was monitored for 30 minutes. The right vagus nerve was isolated in the neck and stimulated with stainless steel wire electrodes, isolated from surrounding tissue by means of cotton jackets impregnated with mineral oil. An American Electronics Laboratories stimulator delivered 10 stimuli/ sec (10 v, and a pulse duration of 0.10 msec) through the electrodes. Continuous ECG monitoring preceded vagal stimulation for 5 minutes, was continued through the period of vagal stimulation, and for 2 minutes after cessation of stimulation. Reproducibility of vagal stimulation effects were verified by repeating the procedure in 4 of 10 control cats, and 7 of 21 experimental cats. After vagal stimulation, the heart was removed and the left ventricular endocardium was studied in isolated tissue bath by techniques previously reported. 15 
ELECTROPHYSIOLOGICAL STUDIES OF THE ISOLATED VENTRICLE IN TISSUE BATH
The atria and right ventricle were removed, and the left ventricle was opened by an incision through the free wall of the left ventricle between the two papillary muscles, opposite to the midportion of the left ventricular septum. The mitral valve was removed and the aortic ring opened. The preparation was then mounted in tissue bath and superfused with modified Tyrode's solution (36°C) equilibrated with 95% 0 2 -5% CO 2 , composed as follows (ITIM): NaCl = 137;NaHCO 3 = 12; dextrose = 5.5;NaH 2 PO 4 = 1.8; MgCl 2 = 0.5; CaCl 2 = 2.7; and KC1 = 4.0.
Transmembrane potentials were recorded from specialized conducting cells and ventricular muscle cells using glass microelectrodes filled with 3 M KG, and connected through Ag-AgCl junctions to the inputs of electrometers having 100-megohm input impedence and input capacity neutralization (Bioelectric, NF-1). The outputs of these amplifiers were displayed on oscilloscopes in a system previously described. 15 The action potential upstrokes were differentiated electronically, with continuous calibration by means of differentiating a sawtooth wave of known voltage and duration. 1 " Resting potentials, upstroke amplitudes, and dV/dtroax were measured on-line during the experiments. 17 -18 Preparations were stimulated at cycle lengths ranging from 500 to 1,000 msec. The longest possible cycle length in this range which achieved consistent capture was used.
Surface electrograms were recorded through silver wire bipolar electrodes. 0.01 inch in diameter, Teflon-coated except at the tips. Differential amplifiers were used to display the surface signals on an oscilloscope screen. The characteristics of the monitoring and recording systems have been described in detail elsewhere. 19 The total surface area of the isolated endocardium was mapped initially with surface electrograms at 1-to 2-mm intervals to demonstrate the pattern of activation. 15 Subsequently, detailed studies of specific regions of interest was carried out using both surface and microelectrodes. These areas included the surface of the infarction and surrounding normal zones, areas having abnormal surface electrogram characteristics, and control areas. In regard to the latter, when an infarct predominantly involved the base of the anterior papillary muscle, the base of the posterior papillary muscle in the same heart or the base of the anterior papillary muscle in a noninfarcted cat heart were used as controls. In abnormal and control areas, 2-to 8mm 2 grids were used to provide a consistent sampling technique. The grids provided 12-30 sampling points, at interelectrode distances of 0.1-0.5 mm. The integrity of recording microelectrodes was verified before and after each recorded impalement by checking electrode resistances.
HISTOPATHOLOGICAL STUDIES
After the electrophysiological studies, the entire preparation was fixed in 10% neutral-buffered formaldehyde for at least 72 hours. Sections then were obtained from infarcted and control areas, with primary attention to those areas with electrophysiological abnormalities. In some specimens, a microelectrode tip was left in the tissue to mark the site for histological studies. The fixed tissue was embedded in paraffin, sectioned at a thickness of 4-6 (im, and mounted on glass slides. Masson's trichrome stain was used in sections from all blocks, and hematoxylin and eosin stain and Van Kosse's stain in selected sections.
Results
Of 48 cats undergoing coronary artery ligation, there were six deaths between ligation and 24 hours after ligation, nine deaths between 1 day and 7 days after infarction, and one death 272 weeks after infarction. Among the 32 survivors, seven were studied 7 to 14 days after infarction; eight were studied at 15 days to 1 month; seven were studied at 6 weeks to 3 months; and 10 were studied 3'/2 to 6 months after infarction.
The infarctions involved the base of the anterior papillary muscle, the apex of the left ventricle, and the interpapillary portion of the free wall of the left ventricle. In addition, the base of the posterior papillary muscle and/or the lower septum were involved in a few preparations. Electrocardiographic monitoring at the time of ligation revealed S-T segment elevations and ischemic T wave changes, but the identification of pathological Q waves after completion of the myocardial infarction was not always possible because of characteristics of feline electrocardiograms. 2 
"' 2I
ANATOMY OF THE INFARCTED LEFT VENTRICLE
When the left ventricle was opened after the heart was removed for isolated tissue studies, a scar on the endocardial surface was seen in nearly all preparations. The gross appearance consisted of a dark red patch on the endocardium in preparations 2 weeks or less postinfarction, and a pale retracted scar was seen in later infarctions, especially after 3 months. The visible surface area of the endocardial scars ranged from 28 to 148 mm 2 . The surface area of the entire left ventricular endocardium ranged from 816 to 1,333 mm 2 (mean = 1,133 mm 2 ) in the experimental preparations, and from 950 to 1,500 mm 2 (mean = 1,144 mm 2 ) in the controls (difference not significant). Left ventricular wet weights were 3.90-10.45 g (mean = 6.43 g) in the experimental hearts, and 4.15-9.20 g (mean = 6.15 g) in the controls. The differences were not significant.
HISTOPATHOLOGICAL STUDIES
Transmural infarction was seen histologically in 13 hearts (41%) and nontransmural infarctions involving more than 50% of the wall thickness from endocardium towards epicardium in an additional 13. In six (18%) of the preparations, subendocardial infarctions extending one-third or less of the distance from the endocardium to the epicardium were observed. In addition, multiple surviving layers of subendocardial cells, overlying the infarction scars, were seen in all preparations studied. The width of this band of surviving cells ranged from 2 to 10 cell layers ( Fig. 1 ), usually 100 fim or less in width, but occasionally in the range between 100 and 200 /am. In some sections, the most superficial fibers in these bands had microscopic features consistent with Purkinje fiber origin, and were clearly distinguishable from the deeper layers which had characteristics compatible with both normal and abnormal ventricular muscle cells (see below and Fig. 1 ). Finally, islands of viable-appearing muscle cells were often seen within the depth of the MI, 22 these being smaller and more fragmented in the longer term postmyocardial infarction preparations.
Cells of presumed origin from both Purkinje fibers and ventricular muscle in the surviving subendocardial band over the infarctions demonstrated parallel evolutions of morphological changes. In the 1-week preparations ( Fig.  1 , panels A and B), the surviving subendocardial cells demonstrated some myofibrillar disorganization, irregular vacuolization of some cells, and irregular cell outlines. Cellular abnormalities were relatively uniform in these early preparations, and were also accompanied by widening of interstitial spaces, as well as of the endocardial fibrous tissue layer, suggesting interstitial edema. During the later stages of healing, such as the 1-month MI ( Fig. 1 , panels C and D), cellular abnormalities were less uniform. Areas of normal-appearing fibers, having good cross-striations, euchromic nuclei, and no abnormal vacuolization of cytoplasm, were interspersed with areas of cellular disruption and with intermediate areas in which cross-striations were maintained, but minor degrees of vacuolization persisted. Interstitial edema was variable at this time. Finally, encroachment of fibroblasts into the layers of surviving cells was apparent, and accompanied by focal fibrous discontinuity of the subendocardial bands of fibers beginning 1 month after MI. The bands of surviving fibers in the subendocardium of infarctions between 3 and 6 months of age showed much less cellular abnormality. In Figure 1 , panels E and F, the absence of interstitial edema at 3'/2 months is accompanied by the presence of encroaching fibrous tissue in the interstitial areas between the surviving cells, but the cells themselves show excellent cross striations, with euchromic nuclei, and almost complete disap- pearance of the myocytoplasmic abnormalities seen in the earlier specimens. Dense scar formation in the infarcted area, with normal-appearing overlying surviving cells, was characteristic of infarcts studied at 3-6 months.
STUDIES OF LONG-TERM ELECTROPHYSIOLOGICAL INSTABILITY
The arrhythmogenic potential of the infarcted hearts was assessed by: (1) standard surface ECG monitoring;
(2) the occurrence of accelerated ventricular escape rhythms during vagal stimulation; and (3) the occurrence of accelerated spontaneous activity of the isolated left ventricle in tissue bath. For each of the three techniques, control information was collected from normal cats to provide a baseline to which the experimental data could be compared.
Technical factors prevented intensive sampling of cardiac rhythm by standard ECG techniques between infarction and the time of death. Data on cardiac rhythm disturbances was acquired during 30 minutes of ECG monitoring under anesthesia prior to infarction and again prior to death. Control cats demonstrated no arrhythmias dur-ing monitoring, nor did the experimental cats prior to infarction. Ventricular ectopic activity was common during the first hours after infarction, but continuous monitoring after that time was not possible. However, ventricular ectopic activity (Table 1) was recorded on ECG monitoring immediately prior to death in eight of the 32 experimental cats (25%), and in none of the 11 controls. All eight had premature ventricular contractions, while several also had more complex ventricular arrhythmias (Table  1 and Fig. 2 ). The frequency of ventricular arrhythmias ranged from a single premature ventricular contraction during the 30 minutes of monitoring (cat 81) to frequent repetitive bursts of ventricular tachycardia (cats 43 and 44) and bigeminy (cat 90). Figure 2 demonstrates examples of these arrhythmias. The limited sampling technique almost certainly precluded identification of other arrhythmias.
Response to vagal stimulation in 21 experimental and 10 control cats was analyzed in respect to the degree of sinus node slowing, and for the occurrence and rate of junctional and/or ventricular escape mechanisms. Sinus node slowing alone, without escape mechanisms, was ob- served in seven of 10 controls, and in 10 of 21 infarction cats. Accelerated ventricular escape rhythms were recorded in seven of the experimental cats (range of escape cycle lengths = 500-700 msec), and in none of the controls. One control cat had a ventricular escape rhythm at a cycle length of 1,250 msec. Thus, 33% (7/21) of the infarcted cats had accelerated ventricular foci, which usually were suppressed by a faster sinus rate. Six more cats (two controls, four experimental) manifested atrioventricular (AV) junctional escapes at cycle lengths of 400-700 msec during the vagal stimulation. Automatic activity in isolated left ventricular preparations in the tissue bath was evaluated by determining the maximum driving stimulus cycle length which could overdrive spontaneous activity of a preparation after at least 30 minutes of stabilization in tissue bath. The cycle lengths were tested in steps (1,000, 800, 630, and 500 msec) and no cycle lengths in excess of 1,000 msec were measured. None of 11 controls required cycle lengths shorter than 800 msec to overdrive automatic activity, five cats requiring 800 msec and six requiring 1,000 msec. Conversely, 11 of the 32 infarcted cats required overdrive cycle lengths of 630 or 500 msec, distributed uniformly among the infarcted preparations of various ages (7 days to 6 months).
The data in Table 1 demonstrate the correlations between the three criteria for evaluating the propensity to ventricular ectopic activity in the 16 of 32 infarcted cats (50%) manifesting at least one of the three criteria. Twenty-one cats were studied by all three techniques for demonstrating abnormal ventricular activity, and three of these were abnormal in all three parameters (cats 90, 94, and 95). An additional four of the 21 demonstrated two of the three criteria (cats 73, 75, 85, and 91), and five of the 21 manifested one of three criteria (cats 76, 68, 81, 84, and 96). Nine additional cats manifested none of the three parameters, but two of these had rapid AV junctional escape rhythms during vagal stimulation (cats 77 and 79). Finally, four cats (nos. 43, 44, 49, and 68) of the 11 which were tested by only two of the three techniques were positive in one parameter-two demonstrated ventricular ectopic activity on ECG (Fig. 2) , and two demonstrated accelerated automaticity in the tissue bath (Table 1) .
SURFACE ELECTROGRAM RECORDING
Endocardial surface maps were constructed during surface stimulation of the left bundle branch at a current strength of 1.2 times threshold. 15 This technique consistently revealed areas of low voltage activity over the surface of an infarction, interspersed between areas of normal potentials, as well as quiescent regions. Generalized distortions of the sequence and timing of conduction into the subendocardial tissue overlying a healed infarction were not seen. However, localized areas of delayed activation, associated with low voltage electrogram activity, were common, especially on the borders of quiescent areas. Delays of activation in these highly localized sites ranged from 10 to 75 msec.
CELLULAR ELECTROPHYSIOLOGY -GENERAL CHARACTERISTICS Figure 3 demonstrates control action potentials recorded from the anterior papillary muscle of a normal, noninfarcted cat heart. Impalements were made from the first through the fourth or fifth cell layers. Transmembrane action potential characteristics in normal areas of infarcted hearts and in comparable areas of noninfarcted hearts were not different. In a random sample of 50 Purkinje fibers (PF) and 50 ventricular muscle (VM) transmembrane action potentials recorded from normal hearts, PF resting potentials were -91 ± 1.8 (mean ± SD) mV; action potential amplitudes, 116 ± 4.2 mV; and dV/ dW.x-344 ± 50.5V/sec, while these measurements in VM were -88 ± 2.1 mV, 110 ± 3.0 mV, and 209 ± 18.6V/ sec. Similar measurements were recorded in control areas of infarcted hearts. The pooled data from these noninfarcted sites (60 data points for PFs and 60 for VM), recorded from six experimental hearts infarcted 7 days to 6 months prior to study, revealed mean PF data of -90 ± l.lmV, (resting potential), 118 ± 5.1 mV (action potential amplitude), and 320 ± 41.3V/sec (dV/dtn, ax ); and mean VM data of -8 8 ± 2.2mV (resting potential), 112 ± 2.1mV (amplitude), and 194 ± 23.3V/sec There were no significant differences between the two sources of control data. Cellular electrophysiological abnormalities were recorded from surviving tissue overlying the infarct zones in 29 of 32 cats studied 7 days to 6 months after MI. In cats 6 weeks to 6 months postinfarction, subendocardial islands of distinctly abnormal action potentials were interspersed between regions of normal (or nearly normal) action potentials recorded from cells overlying the infarction zone. Moreover, within an area of abnormal cells, a small population of normal-appearing potentials was frequently re-corded. Both PF and VM potentials were identified; but when action potential distortion was severe, the tissue of origin usually could not be identified. In contrast, cellular abnormalities in tissue overlying the infarction in 1-week to 1-month preparations tended to be more uniformly distributed.
The various abnormal configurations of transmembrane action potentials recorded present a difficulty in establishing a uniform descriptive terminology. In controls, in addition to normal duration PF and VM action potentials, unusually short VM potentials often were recorded from cells in the apical one-third of the papillary muscles, from the base of the septum adjacent to the left bundle branch, and occasionally interspersed between longer duration action potentials elsewhere -usually on the basal one-half of the left ventricular endocardial surface. The general configuration, dV/dtmax, and amplitude were normal, but the duration was unusually short because of shortening of phase 2.
Three basic types of abnormal configurations were recorded from cells overlying infarction zones, along with a number of combinations of these configurations. "Type 1" abnormality was partially depolarized, and had a prolonged duration due to an increased slope of phase 2 and prolongation of phase 3, similar to abnormalities reported from acute infarction studies in dogs. Type 1 cells commonly were found in 1-week to 1-month infarctions, were seen much less frequently in 1-to 3-month infarctions, and never beyond 3 months. "Type 2" action potential abnormality was characterized by a very short action potential duration as a result of complete loss of phase 2 and merging of phases 1 and 3, also associated with partial depolarization. The loss of phase 2 and polarization abnormalities differentiate these cells from short action potentials recorded from normal controls. Type 2 abnormalities usually were recorded over infarctions 3 to 6 months of age. "Type 3" abnormality was a low amplitude, slowly rising action potential, arising from a partially depolarized membrane. Its configuration is similar to those potentials attributed to "slow channel, Ca 2+ -dependent" activity. 23 Type 3 potentials were recorded from cells over infarctions of any age, but more commonly in the infarctions studied at 1 month or beyond. Numerous action potentials having waveforms suggesting permutations of more than one type of abnormality were recorded.
CELLULAR ELECTROPHYSIOLOGY DURING THE FIRST 2 WEEKS AFTER INFARCTION
At 7-10 days, transmembrane action potentials were similar in configuration to those previously reported for 24-to 72-hour myocardial infarctions in canine hearts. 2 ' 4 Figure 4 demonstrates recordings from 12 points within a grid on the endocardial surface (first cell layer) straddling the interface between a 7-day (cat 90) infarction and the surrounding normal tissue. This cat's rhythm disturbance is shown in Figure 2 , and Table 1 outlines the electrophysiological data. Column A demonstrates fojir transmembrane action potentials recorded from tissue adjacent to the infarct zone, while the recordings in columns B and C were obtained from viable cells overlying the infarct. The
FIGURE 4 Cellular electrophysiology 7 days after myocardial infarction (Ml) (cat 90). The surface of the MI is indicated by shaded area at the base of the anterior papillary muscle. The grid overlaps the border between normal tissue (white, A) and infarction zone (stippled, B and C). The interelectrode distances between impalements were 0.3 mm in both directions (i.e., A-C and 1-4). The hislological inset does not extend into the normal zone; and the grid, schematic, and histology are not in scale to one another. The transmembrane action potentials represent the first impalement achieved from the endocardial surface at each site. Column A demonstrates a Purkinje fiber (PF) (A-I) and three ventricular muscle cells (VMs) (A-2, A-3, A-4) recorded from the normal region adjacent to the Ml. Columns B and C demonstrate
fairly uniform abnormalities recorded from the first impalement on the surface of the infarction. Abnormal PF (e.g., B-l) and abnormal VM (e.g., C-3) could be identified, but tissue of origin could not always be identified (e.g., C-4). The measured upstroke amplitudes (top number, in millivolts) and resting potentials (bottom number, in millivolts) of these recordings are printed under the inscription of each action potential. The histology is described in the text, rhythm disturbance in Figure 2 , and summary of electrophysiological data in Table I . Cycle length of stimulation = 500 msec. typical increased slope of phase 2 and prolongation of phase 3 are characteristic of changes described as "type 1 ." In this preparation, the mean resting potential of the normal cells was -91 mV. and the mean upstroke amplitude was 110 mV. In the infarction zone, the resting potential averaged -7 9 mV and the upstroke amplitude averaged 86 mV. Figure IB demonstrates the cellular detail of the surviving subendocardial fibers and uniform intercellular edema in the region. In the 1-to 2-week infarctions, the cellular electrophysiological changes described above were observed in a relatively uniform pattern among the viable surface cells.
CELLULAR ELECTROPHYSIOLOGICAL CHANGES BETWEEN 2 WEEKS AND 3 MONTHS AFTER INFARCTION
Unlike previous studies in canine infarctions, in the period between 2 and 3 months after the acute infarction, cellular electrophysiological abnormalities persisted.
However, the type of action potential abnormalities changed. Figure 5 shows transmembrane potentials recorded from a preparation 1 month after MI (cat 94) (see Fig. 2 and Table 1 ) recorded from the first layer of cells of the preparation. It demonstrates recordings from a grid over an area of focal cellular electrical abnormalities without overlapping onto normal tissue. In addition to apparently normal PFand VM transmembrane action potentials (e.g.. A-l. A-6. B-3. and C-l). cells which have type 1 abnormalities were recorded (e.g., A-2 and B-5). However, the relative uniformity of the type 1 abnormality seen in early infarctions is no longer present, and focal areas of abnormal cellular electrophysiology are now interspersed between areas of electrically normal cells over the infarction. More importantly, however, a new action potential abnormality (type 2) was recorded (e.g., B-6 and C-4). as well as action potentials having characteristics of both type 1 and type 2 (e.g.. A-4 and C-5). Note that many of the action potentials in Figure 5 have decreased FIGURE 5 Cellular electrophysiology 1 month after myocardial infarction (Ml) (cat 94). The surface of the MI is indicated by the shaded area. The grid is in the center of the infarction, and the cutaway view of the papillary muscle is for demonstration purposes only. The left ventricle was mounted as described in the text, and the recordings in the grid represent the first impalement from the surface of the preparation at each site. The dimensions of the grid were 0.6 mm x 1.2 mm. The schematic, grid, and histological section are not illustrated in scale to one another. The histological section was cut through the center of the region of the grid. The measured upstroke amplitudes (top numbers) and resting potentials (bottom numbers) of the action potentials shown on the grid are printed adjacent to each action potential. Poor impalements could have accounted for some of the values (e.g., A-2 and A-6), but most of the abnormalities are distinctive (e. g., A-5, B-l, B-2, C-4 ). Figure 4 for rhythm disturbance and Table 1 for summary of electrophysiological data. Cycle length of stimulation = 650 msec. action potential amplitude (see legend), which were associated with a decrease in upstroke velocity. The latter was consistent with the degree of resting partial depolarization (see legend). The mean dV/dtma* recorded from a sample of 30 cells similar to C-4 was 60 V/sec (range = 40 to 160 V/sec), compared to the normal of 344 V/sec for PF controls and 209 V/sec for VM controls. Resting potential and upstroke amplitude of the type 2 action potentials varied over a wide range, the range for resting potential being from -70 to -8 6 mV, and for amplitude from 69 to 92 mV. These data were accumulated from similar recordings from four preparations, and included measurements on 30 impalements.
Note the coexistance of various types of abnormalities /B-5 (type I) and C-4 (type 2)] with normal potentials and permutation forms (A-4). Because of extreme variability, values for dVldt max and action potential duration are not presented (see text for range of values). The histological inset demonstrates deposition of collagen and improvement of structure in region of surviving subendocardiat cells. See
The histopathology corresponding to the mixed forms of abnormal transmembrane action potentials in these intermediate (up to 1 V2 months) infarctions (such as shown in Fig. 5 and Fig. 1C and D) , demonstrated progressively less intercellular edema and less evidence of acute cellular injury than in the 7-day infarctions. Interstitial fibrosis and collagen deposition had begun developing between surviving cells, but there was good striation and nucleation of most of the surviving endocardia! cells.
The seven preparations which were studied from 1 V2 months to 3 months after MI demonstrated a continued decrease in the population of prolonged action potentials, and a mixed population of normal and short durations evolved. Beyond 2 months, prolonged action potentials were not commonly observed. Low amplitude action potentials (type 3) were recorded in most preparations, regardless of age, although frequency and sites were not predictable.
CELLULAR ELECTROPHYSIOLOGY FROM 3 TO 6 MONTHS AFTER INFARCTION
In preparations studied 3-6 months after MI, there still were marked cellular electrophysiological abnormalities, in contrast to previous canine studies. No type 1 potentials, associated with the acute and intermediate infarctions, were noted (see Figs. 4 and 5) . Instead the surface cells were characterized by an admixture of normal-appearing action potentials, short action potentials which were virtually devoid of phase 2 (type 2), and some "low amplitude action potentials" (type 3). Figure 6 demonstrates action potentials recorded from points within a grid over a 3'/2-month infarction (cat 44). See Figure 2 for rhythm disturbance and Table 1 for electrophysiological data. Short action potentials were recorded at sites A-2, A-3, A-4, A-5, B-2, B-5, C-2, C-3, and D-3. In addition, type 3 abnormalities arising from partially depolarized tissue (e.g., B-2, ?B-4) were also recorded. Transmembrane potential D-l is a normal-appearing PF, and B-3, C-1, C-4, C-5, D-4, and D-5 appear to be normal transmem-VOL. 41, No. 1, JULY 1977 FIGURE 6 Cellular eleclrophysiology 3 'U months after myocardial infarction (cat 44). The surface of the myocardial infarction is indicated by the shaded area, and the area of the grid is outlined within its center. The dimensions of the grid are 1.2 mm x / .5 mm, and the recordings were obtained from the first cell layer impaled at each site. The histological section was cut through the center of the grid site as indicated, but is not in scale to the schematic or grid. The measured upstroke amplitudes (top numbers) and resting potentials (bottom numbers) are printed on the illustration as in Figure 5 . Because of their extreme variability, dV/dt m!l% and action potential duration data are not presented (see text). Note the coexistence of type 2 (A-2, A-4, A-5, B-2, D-3) and type 3 (B-l, ? B-4 brane action potentials recorded from VM and transitional PF cells. This mixture of normal and distinctly abnormal action potentials appears to arise from both surviving PF and surviving VM cells. Neither the distribution of cells which demonstrated various types of abnormalities nor resting potential and amplitude abnormalities lent themselves to quantitation at this time because of the broad range of characteristics recorded in each of the preparations. However, the resting potential and upstroke amplitude data for each recording in Figure 6 is listed in its legend. The histopathology of the preparation demonstrated in Figure 6 shows a healed, dense scar of transmural myocardial infarction ( Fig. 1 E) , with overlying normalappearing cells (Fig. IF) . Thus, while the structure of these cells appear normal, electrophysiological function is sporadically abnormal.
Experiments were performed to determine the depth to which cellular electrophysiological activity could be recorded in very long-term (6 month) surviving tissue overlying an infarction. Figure 3 , described in detail above, is cited at this point to serve as a normal control for such experiments. Figure 7 demonstrates data recorded down to four cell layers in depth from the surface of a 6-month preparation (cat 73). Columns A and B were recorded, respectively, from an area just outside of, and on the border of, the infarction. Columns C, D, E, F, and G were recorded from surviving cells overlying the infarctions at 0.3-mm intervals. Column A demonstrates normal action potentials, A-l recorded from a normal PF, and A-2, A-3, and A-4 from normal VM cells. Column B, on the border of the infarction zone, shows some degree of shortening of phase 2 of the transmembrane action potentials, B-l recorded from a PF, B-2 from a transitional fiber of VM cell, and B-3 from VM. From column C through column F, the successive impalements reveal transmembrane action potential abnormalities. All of the transmembrane action potentials arise from partially depolarized membranes and most have slowly rising upstrokes (type 3), although some are also type 2 action potential abnormalities. Some action potentials have mixed characteristics of type 2 and type 3. Note that closer to the center of the infarction (columns E, F, and G) it was impossible to impale beyond the third cell; and, in two instances, only down to a second cell. The difficulty may have been a technical problem because of interstitial fibrosis, interfering with microelectrode manipulation. Note the frequent occurrence of prepotentials prior to the upstroke of action potentials, such as in C-2, C-3, and E-2.
Discussion
While the massive MI preparation produced in dogs by the Harris ligation technique has provided important information regarding early electrophysiological disturbances after MI, 1 " 8 it has not resulted in long-term abnormalities of rhythm or cellular electrophysiology r-3> "• 8 The experiments reported herein were designed as an attempt to establish and characterize an MI model which would maintain electrophysiological instability beyond the early postinfarction period. The technique of limited infarctions in cats have resulted in an animal model of chronic electrophysiological instability in ways heretofore not reported in the well studied canine model, or other MI models. Shortterm standard ECG monitoring for rhythm disturbances Figure 3 for explanation of depiction of schematic and grid. Figure 3 represents control from normal cat heart for this experiment. The grid in the illustration represents a series of seven points in a line on the endocardia! surface (A-G) from which sites serial impalements up to four layers in depth were made (1) (2) (3) (4) . The stippled area on the grid represents the surface overlying the infarction, and the white area is adjacent noninfarcted zone. The interelectrode distances between points A through C were 0.5 mm each between A and B, and between B and C; the distance was 0.3 mm between each of the remaining sites. The grid and schematic are not drawn to scale. The depth of impalements (1 through 4) is expressed in terms of cell layers rather than measured distances from the surface. Upstroke amplitudes (top numbers) and resting potentials (bottom numbers) are printed on the illustration as in Figure 5 . Numbers are in millivolts. The histology in this preparation was generally similar to that for cat 44 (Figs. 1 and 6 ). Note the ability to record abnormal action potentials to the depth of four cell layers and the frequency of type 3 abnormalities and mixed forms in this preparation. No spontaneous rhythm disturbances were recorded at the time of terminal studies in this cat. Cycle length of stimulation = 500 msec. revealed a surprisingly high yield of spontaneous ventricular ectopic activity. Ventricular ectopic activity was recorded during a single 30-minute monitoring period prior to death in 25% of the cats; and indirect evidence of a propensity for ventricular ectopic activity was demonstrated by the presence of accelerated ventricular escape mechanisms during vagal stimulation in seven of 21 cats. A total of J 6 of 32 experimental cats had some evidence of ventricular irritability, while none was present in the controls; and cellular electrophysiology abnormalities in one or more foci were demonstrated in 91 % of the infarctions.
MYOCARDIAl INFARCTION
FIGURE 7 Cellular electrophysiology 6 months after myocardial infarction (MI) (cat 73). The location of the Ml is indicated by the shaded area on the schematic drawing. See legend for
It is curious that the naturally occurring mortality rate among the experimental group was not higher, in view of the persisting late electrophysiological abnormalities. It is conceivable, however, that the relatively small muscle mass of the domestic feline heart (mean left ventricular and left septal wet weight in this study was 6.43 g) discourages the fragmentation of impulses necessary to establish ventricular fibrillation. 24 Should this ultimately prove to be the case, the cat model might be of value for studying triggering mechanisms for potentially lethal electrical instability.
Pathological studies demonstrated survival of both PF and VM cells in the subendocardium overlying infarctions. This differs from the usual observation in Harris ligation infarctions in dogs 2 - 8 -9 in which muscle usually does not survive. The cellular abnormalities noted in the 1-to 2week hearts were still present, although to a much more limited extent, in the infarctions studied 1 month after coronary occlusion. Beyond that point, there was a gradual improvement up to 3 months, at which point all cytopathological changes had disappeared. There were no obvious structural changes between 3 and 6 months. The relationship between the time after infarction, intercellular edema, and subendocardial cytopathology, and transmembrane action potential morphology, is of interest. The 1-to 2-week infarctions were characterized by transmembrane action potentials in surviving subendocardial cells which had marked prolongation due primarily to prolongation of phases 2 and 3 of the action potentials. This is similar to previous descriptions in canine models 2 ' 4 beginning the 1 st day after an MI and extending at least through 72 hours, although such action potentials are not exclusive for infarctions. 25 Histological studies of the corresponding specimens revealed marked intercellular edema and moderate cellular distortion. In the period between 1 and 3 months, there was a transition from prolonged action potentials (type 1) to short action potentials (type 2), and a more numerous population of cells demonstrating low amplitude potentials (type 3). This transition was accompanied histologically by a resolution of the intercellular edema and of cytological abnormalities of the surviving subendocardial cells. From 3 months to 6 months after the infarction, intercellular edema wa not present, cytological abnormalities were rare, and only type 2 and type 3 action potentials were recorded.
The mechanisms responsible for the establishment of the three types of action potential abnormalities in this experimental model has not yet been determined. Since type 1 transmembrane action potentials generally occur in a fairly uniform pattern across the surface of the infarct, and are most prominent at a phase at which uniform cytopathology of the surviving subendocardial fibers and evidence of intercellular edema are most prominent, it is appealing to draw a tentative hypothesis that the presence and composition of intercellular edema fluid and/or acute membrane lesions of the surviving cells may be responsible for this pattern. Friedman et al., 2 on the other hand, proposed loss of electronic interaction between PF and VM of cells as a possible mechanism for this abnormality. Type 2 abnormalities are found predominantly in healed or healing tissue at a time when intercellular edema is disappearing or has completely disappeared. Type 3 potentials are seen at any time during the evolution of the infarction and healing process, tending to be more prominent in the later stages. It is possible that an acute ischemic insult might leave in its wake cells having chronic membrane lesions which randomly influence selective membrane functions. Such a hypothesis might explain the occurrence of very short action potentials (type 2) (? depression of "slow channel" activity), of the low amplitude VOL. 41, No. 1, JULY 1977 action potentials (type 3) (? depression of "fast channel" activity), or intermediate forms in which both activities are partially impaired. These considerations are, of course, hypothetical at this time.
Consideration should be given to the mechanism(s) by which acute ischemic insult may cause longstanding cellular membrane electrical abnormalities. At least two possibilities exist: (1) that a continuing state of local ischemia maintains the abnormal cells in a state of marginal functions; or (2) that the acute event results in an irreversible membrane lesion which persists chronically in some cells. Since our histopathological studies demonstrate a good neovascular response in the region of the infarction, which ultimately persists on the borders of the infarction, there seems to be a reasonable possibility that the surviving tissue has sources for adequate oxygenation from both these vessels and left ventricular cavity blood, thus favoring the irreversible membrane lesion hypothesis. Conversely, the thickened endocardium over the healed infarction could conceivably impair oxygen transport from the left ventricular cavity. Thus, the mechanism remains undetermined at this time.
The feline myocardial infarction model described herein is clearly different from the massive dog infarction in terms of the long-term effects of acute myocardial infarction on electrophysiology. These observations emphasize recent cautions about depending on any one model to answer the multiple questions in cardiac experimentation. 2 " The relevance of the present observations to the human setting, in terms of mechanisms of arrhythmias, remains a moot point. Unexpected lethal arrhythmias in man occur most commonly in the presence of advanced ischemic heart disease, 13 and the finding of healed myocardial infarctions in the absence of an identifiable acute myocardial infarction is common. 27 -28 The survival of subendocardial cells in human infarctions has been demonstrated, 9 "" and limited data are available to suggest that cellular electrophysiological abnormalities may present in such tissue. 29 Thus despite the difficulties inherent in translating data from an experimental animal, in which an acute lesion is created in the absence of the diffuse process observed in naturally occurring ischemic heart disease in man, certain similarities between the feline infarction model and the human setting emphasize the potential value of this model for studying mechanisms of unexpected cardiac arrhythmias beyond the acute phase of myocardial infarction.
